We report on the search for electromagnetic and hadronic showers ("cas-1 cades") produced by a diffuse flux of extraterrestrial neutrinos in the AMANDA 2 3 neutrino telescope. Data for this analysis were recorded during 1001 days of 3 detector livetime in the years 2000 to 2004. The observed event rates are 4 consistent with the background expectation from atmospheric neutrinos and 5 muons. An upper limit is derived for the diffuse flux of neutrinos of all fla-6 vors assuming a flavor ratio of ν e : ν μ : ν τ = 1 : 1 : 1 at the detection site. 7
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Abstract
We report on the search for electromagnetic and hadronic showers ("cas- muons. An upper limit is derived for the diffuse flux of neutrinos of all fla- 6 vors assuming a flavor ratio of ν e : ν μ : ν τ = 1 : 1 : 1 at the detection site. 7 The all-flavor flux of neutrinos with an energy spectrum Φ ∝ E −2 is less 8 than 5.0 · 10 −7 GeV s −1 sr −1 cm −2 at a 90% C.L.. Here, 90% of the simulated 9 signal would fall within the energy range 40 TeV to 9 PeV. We discuss flux 10 limits in the context of several specific models of extraterrestrial and prompt 11 atmospheric neutrino production.
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Introduction
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The production of high-energy cosmic rays is most likely accompanied 14 by astrophysical neutrinos [1] . High-energy neutrinos may be produced in 15 astrophysical sources that accelerate protons and light nuclei and provide a 16 dense environment of matter and radiation for interactions within or near the 17 source. Source candidates include supernova remnants and micro-quasars in 18 our Galaxy, as well as extragalactic sources such as Active Galactic Nuclei 19 and Gamma-Ray Bursts (for a review, see [2, 3, 4] ). For a generic astro-20 physical neutrino source, the neutrino flux is expected to be produced with 21 a flavor ratio ν e : ν μ : ν τ ∼ 1 : 2 : 0. After propagation to Earth, neutrino 22 flavor mixing generally causes the ratio to be 1 : 1 : 1 at the detection site [5] . 23 Deviations to this equal partition are expected only for neutrino production 24 in dense astrophysical environments or strong magnetic fields [6] . Because
25
of the presence of all neutrino flavors in a cosmic neutrino beam, an ideal 26 neutrino detector has sensitivity to all neutrino flavors. 27 The primary goal of the AMANDA detector was the search for extrater- 35 which recorded the Cherenkov light emitted by relativistic charged particles. 36 
4
These particles were mainly high-energy muons produced in cosmic air show- 37 ers as well as muons and other charged particles produced by neutrino-ice 38 interactions in or near the detector volume. Analog signals from the OMs 39 were transmitted to a surface data acquisition system (DAQ) where leading- 40 edge times and amplitudes of the PMT pulses were digitized. The main 41 AMANDA trigger, used here, retained only events with pulses from at least 42 24 OMs recorded within 2.5 μs. 43 In this paper, we present a search for a diffuse neutrino flux from un-44 resolved astrophysical sources. Charged-current ν e and ν τ interactions, and 45 neutral-current interactions of all three neutrino flavors, will produce electro-46 magnetic and/or hadronic showers (so-called "cascades") in the ice. In con-47 trast, charged-current ν μ interactions produce a muon track. In AMANDA, 48 electromagnetic and hadronic cascades are indistinguishable, although the 49 average light level produced for a given shower energy is slightly different 50 for each [7] . For cascades, the direction of the incoming neutrino is diffi-51 cult to reconstruct to better than a few tens of degrees, but the calorimetric 52 properties of the detector allow the energy of these events to be measured to 53 better than 0.2 in the log 10 E [8] . In the search for a diffuse high-energy neu-54 trino flux, exclusion of track-like events eliminates most cosmic ray induced 55 muon events, leaving mostly cascade-like events. An additional advantage 56 in searching for cosmic ν e and ν τ compared to ν μ is the fact that the flux of 57 background atmospheric electron-neutrinos is more than an order of magni- were derived by searching for track-like events [10] or by searching for events 67 depositing a very large amount of energy [11] . These analyses used data from 
71
In 2006, AMANDA was integrated into the IceCube neutrino telescope [12] . Table 1 : Effective detector livetime, number of triggered events and trigger rate for the 5 years of data used in the analysis. The year to year trigger rate variations are caused by changed settings of the photomultiplier voltages and discriminator thresholds as well as by modifications of other triggers than the high multiplicity trigger used for the cascade analysis.
Experimental Data and MC Simulation
75
The experimental data used here were recorded during the austral win- 
78
Only data from periods with a stable operating detector were used for this 79 analysis. This was a total livetime of 1001 days, after correction for DAQ 80 deadtime between events. A total of 8.9 · 10 9 events were recorded at an 81 average trigger rate of 103 Hz (Table 1) . Although the yearly trigger rates 82 in Table 1 differ by up to 20 %, the characteristics of the data, taken with 83 the high multiplicity trigger, do not change appreciably. The different re-84 construction steps will be described in the following section, but one of the 85 essential cascade parameters is used here to illustrate the consistency be-86 tween the annual data samples. Figure 1 shows the reconstructed energy of 87 cascade candidates for the different years. There are only ∼5 % differences, 88 which confirms that the data can be used for a combined 5-year analysis.
89
The data are dominated by the background of high-energy muons pro- muons that do not radiate bremsstrahlung, computing time constraints made 98 an optimization necessary to increase the statistics for high energy muons (see 99 Table 2 ). The internal energy thresholds of CORSIKA were raised relative 100 to those used in the standard AMANDA atmospheric muon simulation for 101 the primary cosmic ray energy, the muon energy evaluated at the surface, 102 and the energy released into a single secondary cascade near the AMANDA 103 detector. For simulated events with more than one muon, these thresholds 104 were applied to the highest energy muon and the secondary cascade which 105 released the most energy. Two optimized samples were generated. The pa-106 rameters of these simulations are summarized in Table 2 , along with those of 107 the standard simulation used in muon-focused AMANDA analyses. Figure 2 108
shows that the high-energy part of the spectrum is well represented by the Livetime  standard  800 GeV 300 GeV  0.5 GeV  15 days  optimized  sample 1  3 TeV  1.2 TeV  500 GeV  880 days  optimized  sample 2 20 TeV 3.0 TeV 800 GeV 4670 days hits produced by light emitted farther back along the muon track will be 166 classified as early hits. Figure 3 shows both variables for the data as well 167 as for the simulated atmospheric muon background and signal. The cut 168 values for the background reduction are presented in Table 3 
Maximum Likelihood Methods
175
For events remaining after the cuts described above, the cascade ver-176 tex and the energy were reconstructed with more sophisticated maximum 177 likelihood methods [9, 17, 18] which take into account the scattering and 178 absorption of Cherenkov photons in ice. 179 
Vertex Position Reconstruction 180
For the observation of the residual or delay time of photons (t res ) as a function of the distance d between a hit OM and the reconstructed vertex position, a normalized probability density function (PDF) p(t res , d) was developed. This PDF allows to construct the likelihood function:
The 
Energy Reconstruction 186
A maximum likelihood method is also used for the energy reconstruction. Here, the likelihood is given by the probability to identify special hit patterns relevant for cascades. The hit-probability can be expressed by the number of expected photo-electrons η as a function of the distance d from an isotropically emitting point-like cascade:
where λ att = λ eff scat λ abs /3 is the attenuation length which is ∼ 29 m for With the expression for the expected number of photo-electrons one can calculate for each OM the probability to observe a hit:
For a realistic definition of the hit probability, one has to add the probability for the detection of noise hits:
A likelihood function can be constructed as a product of the probability functions P hit and P nohit :
N OM is the total number of hit OMs and N free = 1 is the number of fit 193 parameters. The resolution of the energy reconstruction is energy dependent.
194
In log 10 E units it is 0.13 at 100 GeV, rising to 0.22 at 1 PeV. 195 
Selection Criteria for Likelihood Parameters and Vertex Position 196
The vertex and energy likelihood parameters were used for the further event selection. These variables contain the information about the quality of agreement between the best-fit hypothesis and the event. For the vertex position, the cut value is L vertex < 7.1. Since the cut variable L energy is energy dependent, the cut criterion is:
197 198
With the radial distance ρ xy an additional cut variable was introduced which is defined as the distance of the cascade vertex from the central axis of the detector:
The radial distance cut is softened in dependence on the cascade energy. For events inside the instrumented AMANDA detector volume of 100 meters radius, the energy cut is fixed to remove misreconstructed atmospheric muons.
For bright cascades (high energies), the background contamination is less severe and the cut is softened with increasing energy:
These three selection criteria are summarized in Table 3 with the correspond-200 ing cumulative cut efficiencies for data, background and signal events. cos θ μ > 0. 221 We combined the three variables shown in Fig. 4 , into one quality variable, the likelihood ratio: with a spectral slope Φ(E) ∝ E −2 . They are obtained from simulations and 227 shown in Fig. 4 .
228
The distribution of the variable Q S (Fig. 5a ) peaks close to one for the 229 simulated cascade signal and close to zero for the simulated muon back-230 ground (and experimental data). In addition to a cut on Q S , which does 231 not fully separate signal from background, the reconstructed cascade energy 232 E reco (Fig. 5b ) was used to further reduce the background. [19] , was calculated. The optimum sensitivity was found with the cuts 240 Q S > 0.92 and log 10 (E reco /GeV) > 4.65 yielding an average upper limit on 241 the ν e flux which will be given in section 4.4.
242
The efficiencies of all applied cuts are summarized in Table 3 for exper-243 imental data, the simulated background from atmospheric muons and at- were studied in detail in [17] . In the following we will discuss the major 259 sources of systematic uncertainties in this analysis.
260
The detector configuration and trigger conditions changed slightly over The reconstruction steps and selection criteria of the analysis (summa-299 rized in Table 3 ) yield different passing rates for data and simulated at- certainty comes from the primary atmospheric neutrino flux prediction [25] .
311
This uncertainty was estimated to be less than 20 % and does not contribute 312 significantly to the total theoretical uncertainty, as the atmospheric neutrino 313 event rate is a very small fraction of the total background rate. The 5 % 314 uncertainty of the neutrino signal is caused by the uncertainty of the neu-315 trino cross section at high energies [26] . In Table 4 the contributions to the 316 systematic uncertainties are summarized and added in quadrature to get the 317 total value. 
Final Event Sample 319
After applying all cuts given in Table 3 , six experimental events remain 320 (see Fig. 5b ). For these events the characteristic data and reconstructed 321 variables are summarized in 0.065 ± 0.023 0.016 ± 0.006 20.9 ± 4.4 final cut yields 20.9 signal ν e events. Table 5 summarizes the final event   328 numbers. The errors include the systematic uncertainties given in Table 4 .
329
Only the number of atmospheric muons has in addition a statistical error 330 since the simulation was limited by statistics. This uncertainty was estimated 331 with the upper and lower bounds for the 68.2 % C.L. using the method of 332 Feldman and Cousins [19] to N μ atm = 6.4 +1.8 −1.5 events.
333
Since no excess over the expected background was observed, an upper 334 limit on the diffuse flux of astrophysical neutrinos was deduced. Following 1  2  3  4  5  6  Year  2002  2002  2002  2002  2003  2004  GPS day  179  181  273  285  129 interval. The systematic uncertainties on the signal and background expec-342 tations were then included in the calculation of the event upper limit with 343 the software package POLE++ [27] . This results in an event upper limit of 344 6.7 events at 90% confidence level. the Earth but instead are regenerated, emerging with lower energies [28] . 363 Because of this, the effective area for upward-going ν τ does not decrease 364 with higher energies. 
Flux Upper Limit
366
The upper limit of 6.7 events deduced in Section 4.2 was combined with 367 the effective area to constrain neutrino flux models. For a given model, we 368 computed the ratio of the event upper limit to the expected neutrino event 369 rate for that model. If this ratio, the Model Rejection Factor (MRF) [29] , is 370 less than one, the model is ruled out by the data at 90% CL. For example, an to 9 PeV. This upper limit on the total flux assumes a flavor ratio of 1 : 1 : 1 380 and is equivalent to a limit of E 2 Φ 90%CL ≤ 1.7 · 10 −7 GeVs −1 sr −1 cm −2 on each 381 individual neutrino flavor. A more conservative upper limit on the flux of 382 electron neutrinos that does not depend on the assumption of a 1 : 1 : 1 383 flavor ratio is derived by assuming that the ν μ and ν τ fluxes are zero. An 384 upper limit of E 2 Φ νe ≤ 3.3 · 10 −7 GeVs −1 sr −1 cm −2 at 90% C.L was obtained. Table 7 presents the expected number of events in 1001 days of livetime 387 and the corresponding MRFs for several models of neutrino production in 388 astrophysical sources and in the atmosphere. The spectra predicted by these 389 models are shown in Fig. 8 . With the exception of the Waxman-Bahcall 390 model for neutrino production in GRBs [32] , the astrophysical models con- MPR AGN jets [28] <1 model [28] γ n τ MPR W&B GRB model [29] AMANDA-II 2000-04 Cascades limit Table 7 : Summary of the expected number of events in 1001 days of lifetime from various astrophysical and atmospheric prompt neutrino models. A flux ratio of 1 : 1 : 1 is assumed. For the event upper limit the estimated value of μ 90% = 6.7 is used which includes all systematic uncertainties.
one, i.e. the AMANDA flux upper limits do not constrain these other models. 
